PDB Reference: human carbonic anhydrase II, 3mwo.
Introduction
A crystallographic dilemma in the choice of molecule positions can occur when pseudo-centering is present in a crystal system. Recently, we reported the crystal structure of human carbonic anhydrase II in the monoclinic P2 1 space group with a doubled a axis from that of the usually observed unit cell. The diffraction data contained alternating strong (h = 2n) and weak (h = 2n + 1) data and a Patterson map of the normalized structure factors showed a strong peak at u = 1/2, v = 0, w = 0. Both the rotation and translation functions gave a single solution and it was only when one molecule was fixed that the position of the second translated molecule became apparent. Our final refined model contained two nearly identical molecules in the asymmetric unit at positions (x, y, z) and (x + 1/2, y, z), with the (x + 1/2, y, z) molecule demonstrating rotational disorder (PDB entry 3ks1; Robbins et al., 2010) . Zwart et al. (2008) described a crystallographic scenario that can occur when such an observation is made. In the monoclinic P2 1 case with a pseudo-translational operator (x + 1/2, y, z), the unit cell consists of four molecules [A (x, y, z), B (x + 1/2, y, z), C (Àx + 1/2, y + 1/2, Àz) and D (Àx, y + 1/2, Àz)]. Hence, if operators A and D are designated crystallographic symmetry, B and C are translational noncrystallographic symmetry (NCS) operators ( Fig. 1a ). However, a second choice can be made: if operators A and C are incorrectly designated to be crystallographic [corresponding to a shift in reference frame by (1/4, 0, 0)] then B and D are the NCS translational operators (Fig. 1b ). When the second choice was used in 3ks1, wrongly enforced crystallographic symmetry caused the B and D molecules to appear disordered. In contrast, when the coordinates of both molecules A and B in 3ks1 [ Fig. 1b ; originally termed A and (B 0 and B 00 ) in Robbins et al., 2010] are translated by x 0 = x AE 1/4 the structure can be refined to 1.4 Å resolution with no indication of rotational disorder, more reasonable temperature factors and better agreement with the observed diffraction data ( Fig. 1a ). By comparing the two arrangements, the difference can be seen as an exchange between which 2 1 screw axes are crystallographic and which are local NCS (Fig. 1 ).
Redetermination of the model
The coordinates of 3ks1 were translated by x AE 1/4 and the coordinates of the lower occupied disordered molecule were removed. Occupancies of all atoms were then changed to 1.0 and re-refinement # 2010 International Union of Crystallography Printed in Singapore -all rights reserved was initiated using the PHENIX package (Adams et al., 2002) . Changes to the model between cycles of refinement were made using the graphics program Coot (Emsley & Cowtan, 2004) . The refinement protocol consisted of three macrocycles, each comprising refinement of restrained isotropic temperature factors on all atoms with TLS treatment of the protein atoms only, restrained atomic positional refinement and automated solvent searches. Solvent molecules were removed if their B factors exceeded 50 Å 2 and riding H atoms were added in the final refinement macrocycle. The final re-refined model contained two monomers in the asymmetric unit, 745 waters and 22 alternate conformations of side chains in the two molecules (PDB code 3mwo). The final R cryst was 16.6% and R free was 18.4%, with r.m.s.d. values for bonds and angles of 0.009 Å and 1.3 , respectively. The re-refinement resulted in an improvement of 5.3% in R free over the 3ks1 model, although some of this improvement was owing to the riding H atoms. PROCHECK (Laskowski et al., 1993) was used to check the geometry of the final model and indicated that only Lys252 in both molecules is in the generously allowed region of the Ramachandran plot. Complete refinement and model statistics of 3mwo are provided and compared with those of 3ks1 in Table 1 .
Results and discussion
In contrast to the 3ks1 coordinates, the re-refined structure exhibits no rotational disorder for the second (1/2, 0, 0) translated molecule. When monomer A is translated 1 2 along a, the differences in C coordinates between molecules result in a maximum and minimum displacement of 0.75 and 0.02 Å , respectively, with an overall r.m.s.d. of 0.20 Å in the final model. Several side chains have different conformations between the two molecules and these presumably contribute to the observed doubling of the a axis. In general, the two molecules in the crystallographic asymmetric unit differ in a similar way to the pair of disordered molecules in the 3ks1 model. The largest deviations between pairs of residues occur only on one side of the molecule, with closer agreement on the other side.
The originally incorrect positions of the molecules with respect to the crystallographic symmetry operators should generate two overlapping images (rotational disorder) for each molecule in the unit cell ( Fig. 1b) . To simulate this phenomenon, we split the final correct model 3mwo into A and B chains and removed the solvent molecules. We then translated the A molecule x + 1/2 and the B molecule x À 1/2 and paired these with the correct B and A molecules (i.e. A onto B and B onto A), respectively. After assigning occupancies of 0.5 to all protein atoms, we translated the entire model x + 1/4 (to the location of the incorrect model). Finally, using PHENIX, we refined the two pairs of disordered chains as rigid bodies and allowed the program to complete the solvent structure. The resulting R work of 21.9% and R free of 23.6% were similar to those of the original 3ks1 model. However, in this case the disordered molecule was A. To assure ourselves that we had not made an inadvertent translation error, we verified that the 3ks1 model superposed with the newly refined rigid-body model. This exercise demonstrates that after as few as three macrocycles in phenix.refine the presumed two images in one of the chains coalesce into a single image and the other two diverge such that the distances between atomic positions become even larger. For example, the starting distance between the alternate positions of the C atoms of jF obs j À jF calc j = P hkl jF obs j. § R free is calculated in the same manner as R cryst , except that it uses 5% of the reflection data that were omitted from refinement.
Figure 1
Packing diagrams showing the positions of the molecules of (a) 3mwo (with no observed rotational disorder) and (b) 3ks1 (showing rotational disorder). The crystallographic 2 1 screw axis is located at (0, 0, 0) and the pseudo-NCS 2 1 screw axis is located at (1/4, 0, 0). Hence, in the 3ks1 structure solution this arrangement forces the pseudo-NCS 2 1 screw that relates molecules A and C to be crystallographic and therefore creates the appearance of rotational disorder between the molecules. The axes are as labeled; crystallographic and pseudo-NCS 2 1 screw [generated by the (1/2, 0, 0) translational symmetry] axes are depicted as solid and open symbols, respectively. The horizontal unit-cell axis is labeled '2a' to indicate that the cell is effectively a doubling of the smaller cell typically observed for this enzyme.
Gly235A was 0.7 Å , but after rigid-body refinement this distance had increased to 1.5 Å . We were not surprised that the electron density of the A molecule was now much worse than that of the B molecule. It should be noted that we started the original 3ks1 refinement at 1.25 Å resolution using SHELXL (Sheldrick, 2008) and that refinement also produced an apparent disorder, but in this case only in the B chains. Therefore, this unusual result of refinement is not restricted to the use of PHENIX for refinement, nor is it restricted to rigid-body refinement.
In conclusion, the lesson to be learned from our mistake is simple: when faced with translational pseudo-symmetry, explore the effects of all possible symmetry operators, especially the NCS operators. In our case, we should have realised that coordinates translated by x AE 1/4 from our original molecular-replacement solution would have a very different outcome. Fig. 1(a) shows that the true crystallographic symmetry requires A and C to be different, whereas when the A molecule is misplaced along the a axis as in Fig. 1(b) the symmetry requires A and C to be identical. This results in the apparent rotational disorder that we observed in one of the molecules of the asymmetric unit of 3ks1.
